Phase evolution, microstructure and dielectric behaviour of Li and Ta codoped NiO (LTNO) ceramics were studied. The content of Ta 2 O 5 was mainly dispersed into the grain boundaries and exists as the NiTa 2 O 6 phase. The concentration of Ta has a remarkable effect on the dielectric properties of the LTNO ceramics. The sample with Ta = 5% has the highest dielectric constant of the three LTNO samples. The activation energy for the LTNO (Ta = 5%) sample was 0.126 eV and relaxation time was 3.51 × 10 −10 s. These correspond to the dielectric relaxation processes. The high dielectric constant response of the LTNO ceramics is due to the formation of a barrier layer between the grain boundaries. Orientational and space charge polarization contribute to the dielectric behaviour observed.
Introduction
Recently, high permittivity dielectric materials have been widely investigated for use in microelectronics, such as capacitors and memory devices, and it is the dielectric constant that will ultimately decide the level of miniaturization [1, 2] . A high dielectric constant was found in doping ferroelectric perovskite oxides near the Curie temperature (T c ) such as lead ziaconia-titanate (PZT) and ferroelectricbased relaxor oxides PbMg 1/3 Nb 2/3 O 3 [3, 4] . Recently, a new perovskite-related material CaCu 3 Ti 4 O 12 (CCTO) has been developed with an unusually high dielectric constant [5] , which is nearly independent of temperature in a wide temperature range. It is considered that the origin of the large dipole moments in CCTO could be due to the interfacial polarization mechanism. High-capacitance ceramic capacitors with barrier layer capacitors (BLCs) and multilayer 6 Author to whom any correspondence should be addressed. ceramic capacitor (MLCC) structures have great potential for attaining high-density charge storage. Raevski et al [6] reported high dielectric permittivity in nonferroelectric perovskite AFe 1/2 B 1/2 O 3 ceramics (A = Ba, Sr, Ca; B = Nb, Ta, Sb) in a wide temperature interval and proposed that the phenomenon of the high dielectric permittivity is due to the Maxwell-Wagner relaxation. Generally, the MaxwellWagner polarization, also known as interfacial polarization, has been most widely adopted to explain the high permittivity observed in the materials, including single-phase ceramics or multiphase composites, which often arises in a material consisting of grains which become semiconducting while grain boundaries are insulating [7, 8] .
In this report, a nonferroelectric and nonperovskite high permittivity ceramic material, Li 0.01 Ta x Ni 0.99−x O (abbreviated as LTNO), has been successfully synthesized. The high dielectric behaviour observed in LTNO composite is similar to that observed recently in perovskite-like CCTO. It has been suggested that the high dielectric constant response of LTNO could arise from the interfacial polarization mechanism and orientational mechanism.
Experimental procedures
The compounds used in this investigation were prepared using a conventional solid-state reaction technique, and the starting materials Li 2 CO 3 , NiO and Ta 2 O 5 have a purity of at least 99.9%. Specimens with the nominal composition of Li 0.01 Ta x Ni (0.99−x) O (x = 0.01, 0.05 and 0.1) were prepared. The powders were mixed and ground with acetone in a zirconium oxide ball mill for 24 h. The mixed powders were dried and calcined at 1373 K for 2 h in air. The calcined powders were ground and pressed at 200 MPa into discs with diameters of 10-11 mm and thicknesses of 2-3 mm. The discs were sintered in air at 1573 K for 4 h. Sintered discs were cleaned by N 2 gas and gold was deposited on the surfaces for microstructural observation. The electrodes for dielectric measurements were deposited on the ground disc surface by rubbing on an In-Ga alloy. In this study, the thickness of the In-Ga electrode is about 10 µm, much less than the thickness of the Li/Ta codoped NiO samples. The electrode effect could be ignored itself or be involved in the interfacial space charge effect as a third semicircular arc did not appear in the ColeCole plot. Nevertheless, an unanswered question remains: how could the electrode polarization affect the results? We expect the present study to be adequate for the investigation of the dielectric constant of the Li/Ta codoped NiO ceramic.
The structure and the lattice parameters of the samples were determined by x-ray powder diffraction (Rigaku D/max) with Cu-K α radiation at room temperature. The grain morphology and grain size were characterized by scanning electron microscopy (SEM, Hitachi S-3000N, Japan). As the temperatures ranged from 233 to 473 K, the dielectric constants and dielectric loss were measured from 80 Hz to 1 MHz using an LCR meter (HP4284A).
Results and discussion

Crystal structure
The x-ray diffraction patterns of the various contents of Ta are shown in figure 1 . The samples sintered at 1573 K exhibited two phases in each composition, i.e. the peaks from the cubic phase of NiO and the tetragonal phase of NiTa 2 O 6 , which correspond to the 78-0429 and 78-0324 card of JCPDS were observed. The intensity of their diffraction peaks is dependent on the amount of the corresponding phase. The relative amounts of the NiO and NiTa 2 O 6 phases were obtained from XRD patterns of the sintered samples by measuring the major peak intensities for the NiO (2 0 0) and NiTa 2 O 6 (1 1 0) phases. The following relationship can be used:
The amounts of the NiO cubic phase for the composition x = 0.01, 0.05 and 0.1 are 95%, 78% and 61%, respectively. , it can be seen clearly that the grains were significantly ledged for doping concentration at Ta = 0.05. The ledges are attributed to two phases, NiO and NiTa 2 O 6 , forming an interface with different crystal structures. In the sintering process, for low doping levels, an atom attempting a jump will, therefore, become unstable and be forced back to its original position. It can thus be seen that continuous growth at the above type of interfaces will be very difficult. A way of avoiding the difficulties of continuous growth encountered in the above case is provided by the 'ledge' mechanism shown in figure 2(b) [9] . For high doping levels, it can be clearly seen that the ledges tend to disappear. The disappearance is attributed to the fact that the high content of NiTa 2 O 6 made the cubic phase of NiO shift from unstable symmetry to stable symmetry. The corresponding final equilibrium shape of the crystals is shown in figure 2(c) . The matrix grain size reduces and the number of secondary phase grains rises as the concentration of Ta increases. Therefore, it can be deduced that the small spherical-like particles were the NiTa 2 O 6 phase and the big grains were the NiO phase. 
Dielectric properties
As shown in figure 3(a) , an almost linear curves for Ta = 1% and two step-like curves for Ta = 5% and 10% were observed in the LTNO samples. These curves decrease the dielectric constant towards higher frequencies at room temperature. The sample of Ta = 5% has the highest dielectric constant of the various LTNO samples. It is noteworthy that the dielectric constant is about three to four orders of magnitude higher than that in pure NiO ceramics (∼30) at 1 kHz [10] . are always lower than 1 when the frequencies are higher than 1 kHz. The dielectric loss is also lower than other high permittivity oxides, such as CaCu 3 Ti 4 O 12 -based [11] and BaFe 0.5 Nb 0.5 O 3 -based ceramics [12] . For Ta = 5%, a peak in the dielectric loss curve occurs near the frequency of 6 kHz. This phenomenon suggests that the Debye type peak exists in the Li and Ta codoped NiO ceramics.
The dielectric constant (ε r ) and the dielectric loss (tan δ) at 1-500 kHz for the sample of Nb = 5% versus temperature (T ) are shown in figures 4(a) and (b), respectively. As can be seen from figure 4(a), the dielectric constant is very high at 1 kHz and decreases very sharply with increasing frequency at temperatures above 300 K. Such a drastic decrease in the value of the dielectric constant at higher frequencies can be explained in terms of the interfacial space charge polarization. The space charge polarization increases with increasing temperature due to the increase in dc conductivity; moreover, it decreases with increasing frequency due to the decrease in ac conductivity [13, 14] . The space charge polarization is revealed as a rapid rise in the dielectric constant at high temperatures and at low frequencies. It should be noted that in figure 4(a) ε r for the composition Li 0.01 Ni 0.94 Ta 0.05 O initially remained constant up to a particular temperature Ta, and then ε r began to increase rapidly with the temperature rise. Ta increased as the frequency was increased with the same temperature as that in a peak in the tan δ ( figure 4(b) ). The curve warped upwards at high temperature due to the influence of leakage conductivity [15] . In this experiment, the leakage conductivity was produced by a migration of nickel or oxygen vacancies at elevated temperatures. The phenomenon may be caused by interfacial orientation and space charge polarizations effect [16, 17] , and thus increased dielectric constant at high temperature. In addition, Li et al [18] observed the dielectric constant in ferromagnetic-ferroelectric mixed composites. They cited the Maxwell-Wagner polarization, also called the interfacial polarization, from the formation of heterogeneous structures. Multiphase materials have large amounts of interfaces and defects which cause the space charge pile-up at the interfaces when an electric current passed through interfaces between two different dielectric media.
Plots of the dielectric constants (ε r ) and the dielectric loss (tan δ) versus frequency at different measured temperatures between 240 and 360 K for samples with concentration of Ta = 0.05% are shown in figures 4(c) and (d). At higher temperatures ε r was higher and decreased as the frequency increased ( figure 4(c) ). The peak of the dielectric loss observed as a function of frequency at a fixed temperature moved to a higher frequency for a higher measured temperature in figure 4(d) . Debye type peaks are observed in tan δ versus T or tan δ versus frequency plots and are attributed to a relaxation process.
It has been known that the addition of dopants to ferroelectric perovskites can lead to greatly enhanced dielectric constants through the BLCs mechanism [19] . Thus, defects could be very different in these samples, which could have a great influence on the dielectric constant (ε r ) due to the boundary layer. For the NiO sample without Ta dopant, the dielectric constant cannot be measured in the same way, due to the fact that there is no insulating boundary layer (e.g. NiTa 2 O 6 ) surrounding the semiconducting Li-doped NiO grains. Thus, the huge dielectric constant response observed in the samples could be partially enhanced by the BLCs mechanism and partially associated with the defect dipoles (i.e. affecting ε r ) arising from a Ta dopant. NiO is a Mott-Hubbard insulator at room temperature, but doping with monovalent cations like Li + can cause a considerable increase in the conductivity of NiO, and thus NiO becomes semiconducting due to these defects [20, 21] . The radius of Ni 2+ ions (C.N. = 4, 0.69 Å) is nearly equivalent to that of Li + (C.N. = 6, 0.60 Å) and Ta 5+ (C.N. = 6, 0.64 Å) [10, 22] , and so there are small crystallographic distortions when Ni 2+ sites are replaced with Li + and Ta 5+ . Thus, some defects can be introduced due to the different valences of doped ions. This may be represented by the reaction
When temperature is elevated on the NiO-based sample, the induced defect dipoles generated by the vacancy (e.g. V Ni or V ·· O ) migration would cause the high polarization to appear. Therefore, the dielectric constants increased as the temperature increased. For the Ta = 5% sample, V ·· O combining with 2Li 1+ Ni 2+ will form dipoles due to the coulombic attraction. These defect dipoles can probably be represented as 2Li
With the doping content of Ta, the concentration of V Ni vacancies further increases, and 2Ta 5+ ··· Ni 2+ -3V Ni complex defect dipoles may be produced. Normally, the dielectric permittivity is proportional to the intensity of the polarization. Therefore, the maximum polarization is in agreement with the dependence of the dielectric constant on the concentrations of the Ta = 5% ( figure 3(a) ).
These dipoles may change their orientation due to the hopping of electrons between Ni 2+ and Ni 3+ [23] . Jumping of oxygen ions through vacant oxygen sites will also lead to the re-orientation of the dipoles. Nowick et al [24] observed dielectric loss peaks at lower temperatures in acceptor-doped potassium tantalate. They ascribed this phenomenon to the orientational polarization arising from the formation of the associated defects of the type M Ta -V ·· O , where M represents trivalent or divalent acceptors at a Ta site. Such a change in the orientation of dipoles gives rise to a Debye type peak in the tan δ versus temperature plots ( figure 4(b) ) or the tan δ versus frequency plots ( figure 4(d) ). Therefore, the peak of tan δ is attributed to a relaxation process.
In figure 4 (d) the tan δ versus frequency plots show a peak that appears when the relation ωτ = 1 is satisfied and when the angular frequency is ω = 2πf , where f is the frequency in cycles per second and τ is the relaxation time for the polarization process. Values of τ were determined from the frequencies at peak tan δ at different temperatures. Figure 5 shows the relationships between log τ and 1000/T for the content of Ta = 5%. These plots are linear, showing that τ follows the Arrhenius relationship:
where τ 0 is the relaxation time constant, k B is the Boltzmann constant and E a is the activation energy for the relaxation process. The values of E a = 0.126 eV and τ 0 = 3.51×10 −10 s are determined by least-squares fitting, as shown in figure 5 . The value of E a of the 5% Ta dopant sample is lower than those of core/shell structured NiO-based ceramics which were 0.181-0.272 eV [25] . The lower E a in this material may be due to the 'ledge' mechanism involved in the hopping of holes among Ni 2+ and Ni 3+ ions. To confirm the formation of the barrier layers in the doubly doped NiO ceramics, the complex impedance was analysed using a Cole-Cole impedance plot for the 5% Ta dopant sample. The impedance measurements were performed at 240, 300 and 360 K and are shown in figure 6 . It depicts the Cole-Cole impedance plots at 240 K, and two depressed circular arcs are visible, corresponding to the contributions of two separate polarization relaxation processes. The one at the lower frequency corresponds to the grain boundaries, which is mainly space charge polarization, while the one at the higher frequencies corresponds to the orientational polarization of the grain, as mentioned earlier. These samples do not show any time dependence of current influencing voltage V between the grains, indicating an absence of electrode-specimen interface contribution. In general, the grain boundary effect on electric conductivity may originate from a grain boundary potential barrier, which could be attributed to the Ta-rich boundary (e.g. NiTa 2 O 6 ). When increasing the measured temperature from 240 to 360 K, the grain boundary space charge polarization effect is further increased; this could explain the increasing dielectric constant at higher temperatures as mentioned earlier (figures 4(a) and (c). In this investigation, one important thing was observed, i.e. the higher value of the dielectric constant was due to the formation of barriers with a space charge polarization, and the space charge polarization was affected by the higher temperatures at a fixed frequency or the lower frequencies at a fixed temperature.
Conclusions
Three LTNO ceramic samples with different contents of doping Ta were prepared.
The dopant of Ta 2 O 5 was mainly dispersed into the grain boundaries and existed as the NiTa 2 O 6 phase by XRD and SEM results, which had a great influence on the dielectric properties due to the various defect dipoles. The sample of Ta = 5% had the highest dielectric constant of the various LTNO samples. The activation energy for the LTNO (Ta = 5%) sample was 0.126 eV and the relaxation time was 3.51 × 10 −10 s. According to the Cole-Cole impedance plot, the formation of barrier layers was observed at the interface of the grain boundary. It is the BLCs mechanism and the existing large polarization that cause the high dielectric constant in LTNO ceramics.
